The three-tiered transcriptional cascade of flagellar genes in E. coli has long been used as a model system for the study of hierarchical transcriptional networks. In this cascade, master regulator genes (class I) drive the expression of two other groups of genes that mainly consists of the basal body of the motor (Class II) and the filament (Class III). An appealing inference based on this "simple" topology is that environmental cues that promote the master regulator transcription should deterministically "turn on" the rest of the flagellar cascade. Surprisingly, we find that in individual E. coli cells growing in a steady environment, constitutive transcription of the master regulator results in stochastic pulsatile activity of downstream (Class II and III) genes. These pulses alternate between periods of inactivity and strong flagellar gene transcription, each lasting multiple generations. We also find that while transcriptional pulses are simultaneous for genes within the same class, Class III pulses can sometimes skip Class II pulses. We demonstrate that this skipping behavior is governed by a checkpoint for the formation of the flagellar basal body. Finally, we discover that pulses arise from an underlying circuit with memory that controls the cellular commitment to flagellar synthesis. We speculate that this pulsating mode of regulation might allow individual cells to sample different phenotypes under "neutral" environments.
monitor flagellar promoter activity in individual cells while maintaining a constant growth environment (Fig. 1B) (SI) . With this device, we could isolate the behavior of the flagellar system from the fluctuations of the environment and analyze with high precision temporal variations taking place in the flagellum regulatory network itself.
Operationally, we constructed E. coli strains in which we inserted in the chromosome a copy of a flagellar promoter fused to the coding sequence of a yellow fluorescent protein (YFP) variant mVenus NB (20) (SI). For flhDC, we also made a cis-insertion of YFP at the end of the flhDC transcript to more directly monitor the production of the endogenous flhDC transcript. These cells were loaded into channels where one end is closed and the other end is open to microfluidic flow of fresh media. This design allowed us to monitor YFP expression in the trapped "mother" cells growing at the bottom of each channel for over twenty generations.
In three distinct experiments, we tracked the activity of promoters from the three different classes (Fig. 1C) . As expected, the promoter of the Class I gene flhDC behaved like a standard constitutive promoter with a steady expression over time with small random fluctuations about the mean. However, Class II promoters (exemplified by fliA) showed a surprising pulsatile pattern of transcription: cells exhibited long periods of inactivity lasting multiple generations which were suddenly interrupted by several generations of highly promoter activity, before switching back to inactivity. Class III promoters (exemplified by fliC) also pulsated, but with inactive periods that were much longer than that observed for Class II promoters.
To characterize the promoter dynamics more precisely, for each "mother" cell lineage, we computed the promoter activity from the fluorescence signal time series (SI). Although the activity of the Class I promoter fluctuated, the relative variability (as measured by coefficient of variation (CV)) was marginally larger than that of a constitutive promoter (CVClass1=1.1 vs CVConst=1.06) (Fig 2A) . By contrast, Class II and III promoters (Fig. 2B, C) showed much larger variations in promoter activity relative to its mean (CVClass2=3.6, CVClass3=4.4). Remarkably, when we monitored two Class II promoters within the same cell (via CFP and YFP), we found that the pairs pulsated synchronously (Fig. 2B) . Similarly, we found that two Class III promoters within the same cell also behaved synchronously (Fig. 2C ). This observation could be confirmed by the high correlation between the CFP and YFP reporters in cells with a pair of Class II or Class III promoters ( Fig. 2B and C bottom) . Based on this observation, we subsequently focused on the promoters of flhDC, fliF, and fliC as representative promoters of Class I, II and III respectively.
We confirmed that the fast stochastic fluctuations in flhDC transcription were dynamically distinct from Class II and Class II promoter pulses by analyzed the autocorrelation of the three promoters: while the correlations in flhDC promoter activity decayed rapidly, the Class II and Class III pulses showed longer correlation times, consistent with the longer timescale of the pulses (Fig. 2D) . The autocorrelations also confirmed that the pulses were not oscillatory. To quantify the duration of the pulses, we defined an operational threshold based on the detection limit of our reporters and categorized the promoter as being "on" or "off" based on whether the activity was above or below that threshold. The "on" duration of the pulses were approximately exponentially distributed for both Class II and Class III pulses with similar mean durations spanning 1-2 cell generations (Fig. 2E) . The "off" durations were also approximately exponentially distributed-however, the average "off" durations of Class II promoters were significantly shorter (~4 generations) compared to Class III promoters (~14 generations) (Fig. 2F) . We note that these values may slightly underestimate the true "on" and "off" durations since we often observed long clusters All rights reserved. No reuse allowed without permission.
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How might transcription of flhDC give rise to pulsatile behavior of Class II promoters? Given that Class II (and III) promoters appear to pulse in spite of relatively continuous flhDC transcription, we first decided to examine whether any endogenous transcriptional or translational regulation of flhDC was necessary for Class II pulses. The transcription of flhDC is regulated by multiple pleiotropic transcription factors (21) (22) (23) (24) . Additionally, small RNAs (sRNAs) have been shown to regulate the translation and/or lifetime of the flhDC mRNA by binding to the 5' untranslated region (5'-UTR) (Fig. 3A, left) (25) . To bypass this regulatory complexity, we replaced the ~2kb region directly upstream of the endogenous flhDC coding sequence with synthetic sequences encoding constitutive promoters of various strength ("the Pro series") (26) . We also modified the DNA sequence corresponding to the 5' UTR of the flhDC mRNA with a synthetic ribosomal binding site (RBS) sequence derived from the T7 phage. Consequently, in these strains, expression of FlhDC was isolated from any known transcriptional and translational regulators (Fig. 3A,  right) (SI) . Surprisingly, we found that when expression of flhDC was coupled to synthetic promoter Pro4, downstream Class II promoters began pulsing similar dynamics and amplitudes than those observed in the presence of the native promoters (Fig. 3B, C) . This result suggests that Class II pulses do not require endogenous transcriptional or transcriptional regulation of the master regulator.
Next, we asked whether known post-translational regulators of FlhDC activity could influence the dynamics of the observed class II pulses. To this end, we turned to YdiV (27, 28) . In Salmonella, YdiV has been shown to play a dual function in promoting the degradation of FlhDC by ClpXP and the release of FlhDC from the DNA (28) . The E. coli homolog (also YdiV) has previously been shown to also prevent FlhDC binding to DNA but its endogenous concentration was thought to be too low to play any role in flagellar gene regulation during exponential growth (27, 29) . Moreover, the regulatory region of YdiV in E. coli is highly truncated relative to its Salmonella homolog and while FliZ which is essential for regulating YdiV in Salmonella, FliZ in E. coli does not seem to affect function of YdiV (27) . To test whether YdiV might play a role in Class II pulses, we first generated a strain harboring a cis-insertion of YFP at the 3' end of the flhDC transcript and a trans-copy of the fliF promoter fused to CFP in another chromosomal locus. In wild-type cells, we discovered that fluctuations in the levels of YFP fluorescence, a proxy for the FlhDC concentration, occasionally coincided with Class II activity but that this correlation was very weak (R=~0.3) (Fig. 3D, top, Fig. 3E ). Upon deletion of YdiV mutant strains, we found that Class II promoter activity became considerably more correlated (R~0.6) with the YFP fluorescence (Fig.3D , bottom, 3E). Taken together, our results suggest that transcriptional "noise"-rather than active transcriptional or translational regulation-of flhDC, coupled with the scrambling effects of YdiV, drive the stochastic pulses of Class II promoter activation.
We also examined how pulses in Class II promoters might be transmitted to Class III promoters. Using a similar approach we used to study the transcriptional cascade from Class I to Class II, we generated a strain harboring both a copy of the Class II (fliF) promoter driving CFP and a copy of the Class III (fliC) promoter driving YFP. We then compared the Class II fluorescence signal, a proxy for the concentration of proteins produced from Class II promoters, to the activity of a Class III promoter. We found that pulses in Class II genes were not always accompanied by pulses in Class III genes, which skipped in a stochastic manner some of the Class II gene pulses (Fig. 4A) . However, all Class III pulses were accompanied by Class II pulses (Fig. 4A) .
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To test this hypothesis, we simultaneously monitored the pulsating dynamics of the Class II (fliFp) and Class III (fliCp) promoters in a FlgM knockout strain (ΔflgM). In this mutant strain, Class III promoters pulsed deterministically whenever Class II genes pulsed (Fig. 4B) . To better quantify this relationship, we plotted the mean activity of the Class III promoter as a function of the Class II reporter concentration. In wild-type cells, we observed a sigmoidal relationship, which is consistent with the idea that a critical concentration of Class II gene products is necessary for cooperative assembly of the basal body and export of FlgM, which in turn frees the sigma factor FliA for activation of Class III genes. By contrast, in the flgM mutant, the Class II-III relationship became linear suggesting that Class III pulses now simply mirror Class II pulses (Fig. 4C) .
Finally, we decided to examine how the flagellar network responds to different mean levels of flhDC transcription. Using the previously described synthetic Pro-series promoters, we measured the Class II (fliF) promoter activity as a function of a various levels of Class I (flhDC) expression (26) . Given our previous observation that the inherent noise of these synthetic promoters can lead to large changes in Class II promoter activity, rather than averaging all the data for a given strain, we divided Class I reporter levels into five logarithmically-spaced bins. Then, for each bin we plotted the mean input (i.e. Class I) against the mean of the corresponding output (i.e. Class II). This procedure gave us greater resolution into how the Class II promoter activity changes as a function of relatively small changes in Class I. The resulting plot is analogous to a classic "dose-response" relationship.
We first examined the "dose-response" relationship in the YdiV mutant to eliminate potentially confounding effects of YdiV. Unexpectedly, we discovered that the input-output relationship exhibits a hysteretic cycle where the activation of Class II genes occurs at a much higher level of Class I than the deactivation. In the presence of the FlhDC inhibitor, YdiV, this hysteretic behavior became "scrambled" for intermediate expression levels of flhDC transcription, creating high cell-to-cell variability in Class II promoter (Fig. 5B) .
Based on these results, we propose a hypothetical qualitative model that could be responsible for the observed systems behavior (Fig. 5C ). We first hypothesize that FlhDC can exist in an inactive and active state. The inactive state might correspond to unassembled FlhD and FlhC monomers or, as has been suggested Salmonella, an inactive form of the FlhDC complex (35) . Based on the hysteretic doseresponse behavior of the ΔYdiV strains, we postulate that the active and inactive states are each stabilized by positive feedback-currently, we can only speculate that such feedback would function at the posttranslational level. The transition rate between the two forms is sensitive to the concentration of FlhD and FlhC. Finally, we propose that YdiV acts to disrupt this positive feedback, which would allow cells to stochastically transition between the two states. We note that while in principle, a feedback loop on either one of the inactive or active states would be sufficient to generate the hysteretic behavior, the dual All rights reserved. No reuse allowed without permission.
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What might be the functional consequence of such a circuit? We posit that in the absence of YdiV, small changes in flhDC transcription cause E. coli to fully commit to expression or inhibition of flagellar synthesis-such a "hypersensitive" behavior would be beneficial for detecting minute changes in the environment but would also force cells to commit to a genetic program for a very long time (Fig. 5D,  left) . By contrast, in the presence of wild-type levels of YdiV, flagellar synthesis is much more heterogeneous with cells alternating between active and inactive class II expression at intermediate concentrations (Fig. 5D, right) .
Taken together, our results suggest that although the core architecture of the flagellar network is a simple linear transcriptional cascade, it has a surprisingly rich and complex dynamical behavior-most notably a "pulsatile-regime" where continuous flhDC expression results in spontaneous switching between active and inactive states of flagellar transcription. Unlike transcriptional bursts, which are typically shorter in time scale (<1 generation), the flagellar gene pulses appear to be often sufficiently long to allow full activation of the cascade (as evidenced by Class III activation) suggesting that pulses might indeed be functional rather than simple "noise". Although the flagellum allows cells to forage for nutrients and avoid harmful environments (36, 37) , it is a bio-energetically expensive structure (38) . Motility can also lead to the dispersal of cells which can, in turn, prevent efficient collective behavior such as the formation of biofilms (39) . Finally, flagella can trigger immune responses in many host-organisms, which can affect both commensal and pathogenic strains seeking to colonize these environments (8, 40, 41) . Our results lead us to speculate that when environmental conditions are "neutral" or "ambiguous", E. coli can operate the flagellar synthesis network in a "pulsatile" mode of operation which allows cells to sample different phenotypes over time.
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The copyright holder for this preprint . http://dx.doi.org/10.1101/508580 doi: bioRxiv preprint first posted online Dec. 31, 2018; Figure 5 . Model of flagellar regulation using a hysteretic switch (A and B) Input-output relationship between Class I and Class II. We plotted Class II (fliFp) promoter activity (Methods) as a function of a wide range of Class I levels using synthetic promoters (Pro1-5, ProB). For each strain associated with a different synthetic promoter, we divided Class I reporter levels into 5 logarithmically-spaced bins. From each bin we plotted the mean input (i.e. Class I) against the mean of the corresponding output (i.e. Class II). (A) YdiV mutant strains, and (B) strains with wildtype YdiV levels. Error bars indicate standard deviation of Class II activity. In (A), dashed lines with arrows are guides for the eyes to delimit the hysteretic behavior in YdiV mutants where Class II activity appears to switch abruptly. In (B), black arrows highlight two strains whose Class II activity shows the greatest difference with that of ΔYdiV mutants. (C) Hypothetical model of FlhDC regulation based on results in (A) and (B). The hysteresis in YdiV strains suggests the existence of positive-feedback loops (that may be direct or indirect) which resist change from inactive to active states or vice versa. YdiV, possibly due to its ability to disrupt the feedback, increases the probability of transitions between inactive and active states. We note that these interactions are likely to occur at the post-translational level since our synthetic promoters remove endogenous transcriptional and translational regulations of flhDC. (D) Commitment versus bet-hedging behavior in YdiV and wildtype cells. Each strip is a typical kymograph of a strain harboring a Class II promoter reporter expressing FlhDC from synthetic promoters Pro1, Pro2, Pro4 or Pro5. For visual aid, a constitutive marker (gray) was merged with the Class II reporter fluorescence (orange/yellow).
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